Tailored metal nanoclusters have been actively developed to manipulate light at the subwavelength scale for nanophotonic applications. Nevertheless, precise arrangement of molecules in a hot spot with fixed numbers and positions remains challenging. Here, we show that DNA origami metamolecules with Fano resonances (DMFR) can precisely localize single dye molecules and produce quantified surface-enhanced Raman scattering (SERS) responses. To enable tailored plasmonic permutations, we develop a general and programmable method for anchoring a set of large gold nanoparticles (L-AuNPs) on prescribed n-tuple docking sites of super-origami DNA frameworks. A tetrameric nanocluster with four spatially organized 80-nm L-AuNPs exhibits peak-and-dip Fano characteristics. The drastic enhancement at the wavelength of the Fano minimum allows the collection of prominent SERS spectrum for even a single dye molecule. We expect that DMFR provides physical insights into singlemolecule SERS and opens new opportunities for developing plasmonic nanodevices for ultrasensitive sensing, nanocircuits, and nanophotonic lasers.
INTRODUCTION
Metallic nanostructures that support surface plasmons are of great interest because of their ability to manipulate light at the nanoscale (1, 2) . In particular, metal nanoclusters with spatially coupled nanoparticles, known as metamolecules (3), resemble molecules with spatially coupled atoms and display optical properties that make them attractive as potential metamaterials. These properties include nanocircuits (4), plasmonic sensors (5) , and subwavelength waveguides (6, 7) . Both theoretical and experimental studies have verified that the strong field localization at hot spots of plasmonic nanostructures can result in drastic spectroscopic enhancement approaching the single-molecule regime (8) (9) (10) (11) . However, direct quantification of single molecules within hot spots remains difficult due to the challenges in simultaneous nanometer-precise control of the geometry of metallic nanoparticle ensembles and the number and position of single molecules localized in the hot spot (12, 13) .
During the past decades, top-down lithography (14, 15) and bottomup self-assembly (16) (17) (18) approaches have made remarkable progress in fabricating complex plasmonic nanostructures with high precision. Nevertheless, interfacing these metal nanostructures with chemical and biological molecules of interest arouses considerable research efforts. Self-assembled DNA nanostructures, especially DNA origami, provide a highly programmable approach for designing precise nanopatterns with nanoscale addressability for organizing molecules and nanoparticles (19) (20) (21) (22) . For example, DNA origami-supported nanoantennas have proven effective to plasmonically enhance the emission of a fluorophore or a Raman dye placed to the proximity of metal nanoparticles (23) (24) (25) (26) (27) . The use of DNA origami nanostructures is thus expected to open a new door for fabricating plasmonic nanodevices with spatial organization and high complexity.
Here, we report a general strategy for precisely organizing large gold nanoparticles (L-AuNPs) into plasmonic metamolecules with superorigami DNA frameworks. Because pronounced Fano resonances are usually achieved with >80-nm L-AuNPs (28) , we designed DNA superorigami with n-tuple docking sites, which allowed the formation of rhombic tetrameric nanoclusters of 80-nm AuNPs. By exploiting the very strong electromagnetic field localized in hot spots at the wavelength of the Fano minimum (29) (30) (31) , we developed a platform for quantizing surface-enhanced Raman scattering (SERS) of single dye molecules localized in the hot spot of a DNA origami metamolecule with Fano resonances (DMFR).
RESULTS

Design of super-origami DNA frameworks with n-tuple anchoring sites
In an attempt to tailor plasmonic permutations, we used super-origami as templates (see fig. S1 ) for anchoring L-AuNPs on prescribed n-tuple docking sites. In mathematics, an n-tuple is an ordered list of n elements. First, we constructed three kinds of super-origami templates with capture strands at special positions ( Fig. 1A and fig. S2A ). These rhombus-and trapezoid-shaped super-origami nanostructures were well formed ( Fig. 1B) , and the counted yields were 87.9 and 86.5%, respectively (see fig. S2B ). Next, a set of L-AuNPs with two different diameters, S = {x, y} (50-and 80-nm L-AuNPs are as x and y, respectively), was anchored site-specifically on purified super-origami templates via DNA hybridization. By choosing unique anchoring strands, the rhombus template with inner edge anchors (R I ) could be used for building 2-tuples over the set S, resulting in total permutations of 2 2 = 4 ( Fig. 1C) . Similarly, 3-tuples with the permutations of 2 3 = 8 ( Fig. 1D ) and 4-tuples with the permutations of 2 4 = 16 ( Fig. 1E) were built from the trapezoid template with inner edge anchors (T I ) and the rhombus template with outer corner anchors (R O ), respectively. Scanning electron microscopy (SEM) images showed that L-AuNPs were quantitatively anchored on super-origami templates, with geometry covering all the permutations of n-tuples. We note that, due to the symmetry of the structure and the randomness of adsorption to the glass substrate, several n-tuple structures appear to be similar under SEM characterization. Agarose gel electrophoresis revealed that the target metamolecules appeared as distinct bands compared with free L-AuNPs and by-products, enabling high-yield isolation ( fig. S3A ). The yield of 80-nm L-AuNP dimer tuple (y, y) was as high as 86% ( fig. S3B ), while for other metamolecules such as heterostructures [e.g., tuple (x, y)] and tetrameric structures [e.g., tuple (y, y, y, y)], the yields were both higher than 60% (see fig. S4 ). The high-yield formation of tailored L-AuNP plasmonic permutations arises from several reasons. First, DNA origami in nature is a perfect structure to realize nanometer precision. Second, super-origami templates provide larger platforms to accommodate L-AuNPs. Third, abundant capture strands immobilized on an appropriately sized area (12 for outer corner and 18 for inner edge) enable cooperative binding of an L-AuNP to the correct position.
Plasmonics of tetrameric Fano metamolecules
Next, we used an 80-nm AuNP tetrameric cluster [tuple (y, y, y, y)] to study the structure-correlated optical and plasmonic properties of individual tetramers ( Fig. 2A ). Previous studies established that L-AuNPs exhibit intense absorption and scattering cross sections (32) . Figure 2B displays the finite-difference time-domain (FDTD) calculations for estimating both the size of the hot spot region and the |E| 4 enhancement. The electric field in the hot spot region (the center green box) was calculated to be 90 times stronger than the field of the incident light. We then immobilized these tetrameric metamolecules on an indium tin oxide (ITO) glass substrate, the tetrameric morphology of which was confirmed with SEM ( Fig. 2C ). To correlate individual metamolecule morphology with its optical and plasmonic properties, we developed a colocalization method by using a laser-etched nine-square grid as the reference on glass (see fig. S5 ). The scattering and Raman spectra of the metamolecule were then characterized by polarizationdependent dark-field microscopy (DFM) ( Fig. 2D ) and Raman spectroscopy ( Fig. 2E ).
Next, the plasmonic properties of individual tetramers were characterized by SEM-DFM correlative imaging. The metamolecules were immobilized on an ITO glass substrate in air and imaged with an inverted DFM ( Fig. 3A ). As shown in Fig. 3B , a selected area with two well-formed tetramers was colocalized with SEM and DFM. The polarization-dependent scattering spectra with incident light polarized from 0°to 90°were collected on one identified structure ( Fig. 3C) . Apparently, at 0°orientation, a single peak was observed from the spectrum. By gradually changing the incident light orientation to 45°, a narrow dip emerged near 645 nm. This dip became pronounced at 60°a nd reached its minimized value at 90°. This narrow and asymmetric dip near 645 nm was an evidence of a typical Fano resonance, which arises from interference between a superradiant "bright" mode and a subradiant "dark" mode (28, 33) . A similar trend in incident light orientation-dependent spectra evolution was obtained from calculations using the finite element simulation software COMSOL (Fig. 3D ).
The simulation of the surface charge distributions provided insights into the Fano metamolecule's bright and dark modes (Fig. 3E ). The charge density plot of the bright mode at its peak of 650 nm showed that the charge distributions in each L-AuNP were oriented in the same direction, resulting in strong scattering due to the constructive interference of their radiated fields. The charge density plot at the dark mode peak frequency at 615 nm showed that the charge distributions in individual L-AuNPs were oriented in different directions, indicating that the bright mode is suppressed and energy is stored in the dark mode. We note that the experimental and calculated Fano minimums differed slightly, which were possibly caused by the DNA coating and origami substrate (34). To further establish the direct relationship between the observed DMFR and the tetrameric metamolecules, we examined the scattering spectra of several other types of metamolecules: a homodimer [tuple (y, y)], a heterodimer [tuple (x, y)], a homotrimer [tuple (y, y, y)], and a homotetramer [tuple (x, x, x, x)]. Experimental and calculated spectra matched very well for these metamolecules, confirming the validity of tailoring their structure-correlated plasmonic properties (see figs. S6 and S7). For example, simulations on the electromagnetic radiation revealed that the homodimer had a transverse mode and a longitudinal mode, which was in coincidence with the experimental data (see fig. S6 ). By increasing incident light polarization from 0°to 90°, we found that the transverse mode weakened gradually, while the longitudinal mode increased. Nevertheless, these spectra containing a bright electric dipole peak did not exhibit Fano minima that strongly overlap with these modes. The scattering intensities of tetramers and trimers of different sizes were also compared (see fig. S8 ), which were consistent with the theoretical predictions that the scattering signal of the 50-nm AuNP metamolecules was much weaker.
Fano-like resonances support single-molecule SERS Having substantiated DMFR from the tetrameric metamolecule, we next explored the potential of using metamolecules for SERS analysis. First, DNA minor groove-binding dye SYBR Green I was used to study the structure-correlated Raman properties (Fig. 4A) (35) . A wavelength incident light of 633 nm was selected because it sits in the Fano minimum (see fig. S9 ). We expect that the metamolecule emits minimal light in this region, which shows minimal energy depletion of the plasmon oscillations (31) . By intercalating SYBR Green I on surface-bound DNA on L-AuNPs and DNA origami template, we measured the Raman enhancement from tetrameric metamolecules with the SEM-Raman colocalization method (Fig. 4B) . To illustrate the role of DMFR in Raman enhancement, we deliberately selected an area with two tetramers: one well-formed symmetric tetramer (i) and the other distorted asymmetric tetramer (ii) (Fig. 4C) . We observed strong distinctions in brightness and color for these two different metamolecules from the real-color photograph (Fig. 4B) . We performed FDTD calculations on the electric field of tetramer (i) and tetramer (ii); the strongest SERS enhancement was expected from molecules that were located precisely at the hot spot. FDTD simulations revealed that the integrity of the symmetric electric field in the Fano metamolecule (i) was broken in the distorted metamolecule (ii) (Fig. 4D ). Nonpolarized scattering spectra of the two metamolecules measured by DFM ( Fig. 4E) showed an obvious Fano minimum at~633 nm for tetramer (i), but not for tetramer (ii). The corresponding SERS spectra further established that tetramer (i) exhibited pronounced Raman fingerprint bands at 1239, 1340, and 1452 cm −1 (Fig. 4F ). Thus, we establish that the Fano-like resonances in tetramer (i) result in high electric field enhancement for SERS.
Having established the association of DMFR with SERS, we further quantitatively studied metamolecules at the single-molecule level. A ROX (carboxy-X-rhodamine) molecule was selected as the Raman dye, which is non-intercalative with DNA strands. ROX molecules with a certain number were deliberately anchored in the hot spot region of the tetrameric cluster (Fig. 5A ). By hybridizing ROX-tagged DNA strands on the corresponding sites of the rhombus-shaped DNA origami, we could precisely control the number and position of ROX. By comparing the molecule size of ROX with the size of the hot spot of the Fano tetramer, we expected that up to six ROX molecules could be accommodated (Fig. 5A) . By exploiting the nanoaddressability of DNA origami, we prescribed fixed numbers of ROX in the hot spot region (Fig.  5B ). We found that the SERS intensity quantitatively increased along with the number of ROX but saturated when the number reached six (Fig. 5, C and D, and fig. S10 ), characteristic of a quantized phenomenon. Notably, the Raman signal of even a single ROX was readily detectable. We next calculated enhancement factor (EF) values for individual ROX embedded in the metamolecules (Fig. 5E ). The EF values were generally on the order of 10 8 for metamolecules with 1 to 12 ROX molecules. A single ROX leads to the broadest distribution of EF values, which suggested that the position variation of ROX arises from the local random perturbations of the DNA strands.
DISCUSSION
In summary, we demonstrate the potential of super-origami DNA frameworks as a general method for fabricating plasmonic nanostructures. The successful construction of metamolecules with DMFR allows quantitative analysis of Raman enhancement localized in the hot spot, which provides direct physical evidence for the single-molecule SERS. Thus, these super-origami-templated metamolecules with strong plasmonic enhancement provide an ideal platform for single-molecule biophysical studies and ultrasensitive sensing. Given the flexibility in the origami construction and designable affinity for various targets, we envision that this strategy could be extended to versatile applications in nanoelectronics, nanophotonics, and biosensing.
MATERIALS AND METHODS
Materials
All unmodified staple strands were purchased from Invitrogen (China) and used as received. All thiol-functionalized DNA strands and ROXfunctionalized DNA strands were purchased from TAKARA (Dalian, China) and used as received. M13mp18 single-stranded DNA was purchased from New England Biolabs. Chemicals were purchased from Sinopharm and Sigma-Aldrich. Colloidal solutions of 50-and 80-nm AuNPs were purchased from BBI Solutions.
Preparation of DNA-functionalized L-AuNPs Before use, colloidal solutions of 50-and 80-nm AuNPs were subjected to centrifugation to concentrate 10 times (50-nm AuNPs, 7000 rpm for 10 min; 80-nm AuNPs, 4000 rpm for 10 min). Concentrated colloidal solution (800 ml) of 80-nm AuNPs was mixed with freshly dissolved thiol-modified DNA (100 mM) in a 1:50,000 ratio (1:10,000 for 50-nm AuNPs) in Milli-Q water, and the mixture was incubated for 2 hours at room temperature (300 rpm). Then, 100 ml of phosphate buffer (PB) [100 mM (pH 7.4)] was added to the mixture. After 30 min, we added 10 ml of NaCl solution (2 M) every 20 min for four times and then 20 ml of NaCl solution (2 M) every 30 min for three times. The NaCl concentration was gradually increased to ensure the full coverage of L-AuNPs with thiolated DNA. The final concentration of NaCl was 200 mM, and the mixture was incubated at room temperature (300 rpm) overnight. The AuNP-DNA conjugates were purified by 0.5% agarose gel electrophoresis [running buffer, 0.5× tris-borate-EDTA (TBE); loading buffer, 50% sucrose; 1 hour at a constant 100 V]. Desired bands were cut out, and thiolated DNA-modified AuNP clusters were extracted from the gel using a protocol given by Bellot et al. (36) . Freshly prepared, fully covered 50-and 80-nm AuNPs did not precipitate in the 0.6× TAE-Mg 2+ buffer [24 mM tris, 12 mM acetic acid, 1.2 mM EDTA, and 7.5 mM magnesium acetate (pH 8.0)]. This high-salt resistance property of fully covered L-AuNPs makes it possible to assemble metamolecules on a DNA origami template.
Formation of DNA super-origami structures
As mentioned above, we first assembled the simple triangle DNA origami monomers named triangle A and triangle C, respectively. Each kind of simple triangle DNA origami monomer was prepared according to Liu et al. (20) . A molar ratio of 1:10 between the long M13 scaffold and each required staple strand ("extended staples," selected "anchoring staples," and the rest staple strands) was used, and DNA origami was assembled in 1× TAE-Mg 2+ buffer [40 mM tris, 20 mM acetic acid, 2 mM EDTA, and 12.5 mM magnesium acetate (pH 8.0)] by the reported annealing program (95°C for 3 min, 95°to 15°C, 0.1°C/10 s) (21) . The triangle DNA origami monomers were subsequently purified four times with Microcon centrifugal filtration devices (100-kDa molecular weight cutoff filters, Millipore) to remove the excess staple strands. The concentration of each purified DNA origami monomer was estimated from the optical absorbance at 260 nm. Then, the two kinds of purified DNA origami triangular monomers were mixed in a 1:1 ratio and annealed from 45°to 15°C at a speed of 0.1°C/min. The trapezoidshaped super-origami was prepared in the same way.
Self-assembly of metamolecule using superorigami templates
The DNA-modified AuNP solution was added to DNA origami solution (purified) in 0.6× TAE-Mg 2+ buffer with a ratio of 2:1 for the 80-nm AuNP dimer [tuple (y, y)], 3:1 for the 80-nm AuNP trimer [tuple (y, y, y)], and 4:1 for the 80-nm AuNP tetramer [tuple (y, y, y, y)]. The mixtures were annealed from 45°to 15°C at a speed of 0.1°C/min to promote hybridization of the DNA on the L-AuNPs with the complementary capture strands on the DNA origami. Successful formation of desired structures (28 permutations of n-tuples) and separation from other byproducts are accomplished by gel electrophoresis in a 0.5% agarose gel run at 100 V and maintained at 4°C by a surrounding ice bath. Desired bands were cut out, and DNA origami-templated AuNP clusters were extracted from the gel using a protocol given by Bellot et al. (36) .
Characterization of the plasmonic properties of metamolecules using SEM-DFM correlative imaging The ITO glasses with a special marker on the surface were immersed in the piranha solution (H 2 SO 4 :H 2 O 2 = 3:1) for 5 min followed by rinsing with copious amounts of ultrapure water. The cleaned ITO glasses were dried by N 2 and then treated with oxygen plasma to make the surface hydrophilic [Harrick Plasma PDC-32G cleaner for 1 min at high radio frequency (RF) level]. The purified metamolecule sample (10 ml) was left to adsorb on the surface of ITO glass for 10 min. Then, the ITO glasses were washed with ultrapure water and dried with N 2 immediately.
The sample was first scanned using SEM (LEO 1530 VP, Zeiss). We found the desired tetrameric metamolecule near the laser marker under SEM image. Then, we relocated this desired tetrameric metamolecule under the DFM. We use an inverted microscope (Olympus IX71, Japan) equipped with a dark-field condenser [0.8 < numerical aperture (NA) < 0.95] and a 60× or 40× objective lens (NA = 0.8). The sample slides were immobilized on a platform, and a 100-W halogen lamp provided a white light source to excite the tetrameric metamolecule to generate plasmon resonance scattering light. The scattered light was collected with a truecolor digital camera (Olympus DP70, Japan) to generate the dark-field color image and was also split with a monochromator (Acton SP2300i, Princeton Instruments, USA), which was equipped with a grating (grating density, 300 lines/mm; blazed wavelength, 500 nm) and recorded with a spectrograph charge-coupled device (CCD) (Cascade 512B, Roper Scientific, Princeton Instruments, USA) to obtain the scattering spectra. The scattering spectra were integrated as 10 s for the 80-nm AuNP tetramer [tuple (y, y, y, y)]; 20 s for homotrimer [tuple (y, y, y)], heterodimer [tuple (x, y)], and homodimer [tuple (y, y)]; and 30 s for the 50-nm AuNP trimer [tuple (x, x, x)]. The spectrum of an individual tetrameric metamolecule was corrected by subtracting the background spectrum taken from the adjacent regions without the metamolecule.
Raman measurements and calculation of the EFs
We acquired the single-point Raman spectrum with an XPLORA (HORIBA, Jobin Yvon, France) Raman microscope system. Raman mapping was performed in air using the 633-nm laser and a 60× S Plan Fluor air objective (NA, 0.7; Nikon). The laser power after the objective was measured to be 10.7 mW, and the laser power we used was reduced to 50% to protect the Raman dye. Raman mapping was performed at a step of 1.5 mm × 1.5 mm, and the acquisition time was 10 s per point. To obtain the pure Raman signal, the combined background of Au and SYBR Green I was subtracted from the spectrum.
We performed the reference Raman measurements of SYBR Green I in bulk solution at 2000× concentration. The corresponding concentration of commercial SYBR Green I was assumed to be 3.92 mM according to Zipper et al. (35) . This dye can bind to DNA strands nonspecifically and can therefore randomly distribute on the whole surface of the tetrameric metamolecule (37) . The SERS EF was calculated by comparing the signals measured from a single tetrameric metamolecule with the intensity of the Raman signal from the bulk solution. The EF was estimated from the excitation power P, the Raman intensity I, and the amount of molecules N contributing to the signal for the bulk SYBR Green I solution and for the tetrameric metamolecules, respectively
I SERS is the peak intensity of SYBR Green I at 1340 cm −1 in the tetrameric metamolecules, and I bulk is the peak intensity of SYBR Green I in the solution. P bulk is the same with P SERS . N bulk is the estimated number of SYBR Green I molecules in the volume of the laser spot in the bulk measurement (~1.8 × 10 7 ). It has been reported that the DNA molecule has a 13-nm 2 footprint for the 80-nm L-AuNPs (38) . Therefore, N SERS was calculated, as the SYBR Green I molecules were absorbed on the surface of the L-AuNPs in the plasmonic hot spot (~6). The size of the plasmonic hot spot was estimated according to FDTD calculation results from fig. S9 .
COMSOL simulations
Finite-element method (COMSOL) was used to simulate the scattering spectra of the metamolecule and to map the surface charge density distribution plots. All calculations were performed in an effective embedding medium with a dielectric constant of e = 2.4025 (or n = 1.55) (39) to match the experiment. The optical constants of gold were taken from Johnson and Christy (40) . S-polarized incident light with oblique incident angle of 30°to the normal of the substrate plane was chosen strictly compared with the experimental results. The cluster geometries used in the simulations were based on the cluster SEM images, from which the gold nanoparticle dimensions could be measured with high precision. However, the interparticle gaps were difficult to resolve because SEM yields projection images; if there is any offset of the nanoparticle in the vertical direction, the transmission electron microscopy (TEM) image cluster appears fused. To fit the calculated spectra to experiment, we simulated clusters with different interparticle gaps. We found that the 3-nm gap gives good agreement between theory and experiment for the 80-nm AuNP homodimer [tuple (y, y)] structure, and the 2-nm gap for the tetrameric metamolecule [tuple (y, y, y, y)].
FDTD simulations and data processing FDTD simulations of tetrameric metamolecules (particle diameter, 80 nm; gap size, 2 nm) were carried out using Lumerical FDTD solutions (Lumerical Solutions, Canada). Optical constant data for gold were taken from Johnson and Christy (40) . Linear polarized light was injected with a total-field/scattered-field source. Convergence was reached for a mesh size of 0.4 nm around the plasmonic particles. The follow-up data processing is constructed using MATLAB.
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